Membrane distillation (MD) has a great deal of potential and this is currently being explored by the scientific community. However, this technology has not yet been implemented by industry, and an estimation of final product costs is key to its commercial success. In this study a techno-economic assessment of air gap MD (AGMD) and water gap MD (WGMD) for seawater desalination under different capacities and heat source scenarios was developed. The simplified cost of water (SCOW) method, which estimates investment costs, fixed and variable costs, as well as amortization factors and price influence over time was applied. In addition, experimental data from a laboratory-scale MD desalination plant were also used. The results showed water costs in the range of 1.56 to 7.53 €/m 3 for WGMD and 2.38 to 9.60 €/m 3 for AGMD. Specifically, the most feasible scenario was obtained for WGMD with a capacity of 1000 m 3 daily using waste and solar heat. Finally, the costs obtained for MD were similar to those of conventional desalination technologies at the same scale factor. Therefore, although large-scale pilot studies and optimization of manufacturing processes are needed, MD shows very promising results that should be considered further.
Introduction
Water is essential to human well-being and for the good condition of ecosystems. It is widely known that water shortage and the loss of water quality are major global socio-economic and environmental issues [1] [2] [3] . The combined effect of exponential population growth, changes in lifestyles, climate change, and thus the progressive depletion of freshwater resources are further exacerbating the problem [3, 4] . Likewise, arid zones, droughts and the mere fact that more than 70% of the world's population lives close to the coast means that desalination and water reuse technologies play a key role in providing a reliable source of freshwater [5, 6] . In fact, many countries and regions have already considered desalination as the most viable and economical solution for freshwater production [3, [6] [7] [8] [9] .
Desalination technologies are witnessing significant growth as a consequence of lower material and energy costs and greater process efficiency, and thus desalinated water is getting cheaper [10] [11] [12] . Among conventional industrial-scale desalination technologies, the most widespread are membrane processes such as reverse osmosis (RO), followed by thermal processes such as multi-stage flash distillation (MSF) and multi-effect distillation (MED) [13, 14] . Nowadays, the high maturity and implementation level of these processes is demonstrated by huge operating desalination plants. For example, Shoaiba II (MED) with a capacity of more than 90,000 m 3 /day; Soreq (RO) with a capacity One of the most critical features of the MD is the heat requirement to produce the phase change of the feed. As seen above, the heat sources used in MD may include low-grade heat, waste heat, and alternative sources. Although low-grade heat is sufficient to drive the MD process, the demand for thermal energy is high, and this, coupled with a need to improve module and membrane designs, creates challenges for the technology. Therefore, suitable and available heat sources are a key factor to improve the efficiency and competitiveness of MD compared to other conventional desalination processes. The high heat demand is largely related to the substantial amount of heat transferred through the membrane, primarily in the form of latent heat. Nonetheless, high quality permeate and the potential to drive the MD process with waste heat are opportunities that are gaining acceptance in large-scale industrial applications [2, 20, 24, 37] .
These features of MD make it a promising alternative to conventional desalination and water reuse technologies for many environmental and industrial applications [19, 38, 39] . Examples of some of these applications include water treatment of food [40] [41] [42] and textile industries [43] [44] [45] , wastewater [46] , acid mine drainage [47] or even radioactive wastewater [48] , among others [22, 49] . Nevertheless, despite being of great interest to scientist and engineers, MD is still at medium (4-5) technology readiness levels (TRLs) [50] and therefore, MD has not yet been fully commercialized and implemented by industry [51, 52] . According to Kujawa et al. [24] , the difficulties in large-scale implementation of MD are related to the lack of adequate and effective module design, suitable membranes, and its energy-intensive consumption (where waste heat, solar energy or different alternative energy sources are not used). The technological viability of MD is not only defined by its technical performance, but it must also be economically and energetically feasible [1, 6, 17] . As in other industries, in desalination, the cost of the final product is one of the main criteria to be taken into account for the commercial success of a specific technology [6, 53, 54] . For this reason, although MD has shown considerable technical achievements, economic feasibility analyses should be carried out with a view to its future industrial application [17, 49, 55, 56] .
Despite the abundance of studies focused on the cost estimation of conventional thermal and membrane desalination processes, only a few cost estimation studies are available for MD, and most of these are based on a pilot scale and simulated forecasts [34, 57] . The cost estimation depends on a wide variety of factors, such as: type and size (capacity) of the MD system, operating conditions, energy source, recovery systems, feedwater and, of course, the cost-estimation approaches performed. As a result, MD production costs range widely from 0.24 to 118 €/m 3 [17, 34, 58, 59] . Table   Figure 1 . Scheme of air gap membrane distillation (AGMD) and water gap membrane distillation (WGMD) configurations in co-current mode.
One of the most critical features of the MD is the heat requirement to produce the phase change of the feed. As seen above, the heat sources used in MD may include low-grade heat, waste heat, and alternative sources. Although low-grade heat is sufficient to drive the MD process, the demand for thermal energy is high, and this, coupled with a need to improve module and membrane designs, creates challenges for the technology. Therefore, suitable and available heat sources are a key factor to improve the efficiency and competitiveness of MD compared to other conventional desalination processes. The high heat demand is largely related to the substantial amount of heat transferred through the membrane, primarily in the form of latent heat. Nonetheless, high quality permeate and the potential to drive the MD process with waste heat are opportunities that are gaining acceptance in large-scale industrial applications [2, 20, 24, 37] .
Despite the abundance of studies focused on the cost estimation of conventional thermal and membrane desalination processes, only a few cost estimation studies are available for MD, and most of these are based on a pilot scale and simulated forecasts [34, 57] . The cost estimation depends on a wide variety of factors, such as: type and size (capacity) of the MD system, operating conditions, energy source, recovery systems, feedwater and, of course, the cost-estimation approaches performed. As a result, MD production costs range widely from 0.24 to 118 €/m 3 [17, 34, 58, 59] . Table 1 shows the main techno-economic studies for MD, according to simulated capacities, configuration, feedwater and other aforementioned factors. n.a n.a n.a 1.07-1.82 [63] n.a n.a n.a n.a 0.24-118 [17, 34, 58, 59] Note: a (m 3 /day); b (€/m 3 ); n.a: not available.
This study is based on the hypothesis that MD is a technically and economically feasible desalination technology. To be precise, AGMD and WGMD configurations are expected to be competitive against other conventional desalination processes when using waste heat and/or renewable energies. WGMD is a configuration that has not been studied in economic terms and we intended to compare it with more common configurations like AGMD, and to compare these with conventional processes. In order to ensure, the reliability of these comparisons and estimates as much as possible, the same methodology was used in all cases, and the boundary conditions and assumptions were clearly defined to simulate different energy scenarios and the effects of the scale factor. Several questions arose that are related to the initial hypothesis. What are the impacts of using different configurations on the process total cost? Which configuration is the most cost-effective? Under what conditions? What is the difference in total costs and their order of magnitude with respect to the use of a more and less favorable type of heat source? Which element studied has the greatest influence on process costs? Could actions be taken on these elements? Could MD really be a feasible desalination process in the future?
This work is therefore dedicated to the techno-economic assessment of MD for its use in desalination using AGMD and WGMD configurations. Thus, several heat source scenarios were taken into account in order to assess energy efficiency and economic viability, and estimate the cost of the water produced. In this regard, sensitivity analyses were performed, ranging from more favorable heat sources such as low-grade heat or solar energy, to clearly unfavorable scenarios such as burning fossil fuels or the use of grid electricity. Additionally, various capacities of MD plants were simulated to represent isolated, community and industrial uses. The techno-economic simulations and models conducted in this study were based on the experimental results and performances obtained in a laboratory-scale desalination MD plant as well as on the methods and estimates widely used in the literature.
Materials and Methods
First of all, as suggested by Towler et al. [64] and Papapetrou et al. [53] , it is extremely important to define the scope and purpose of a techno-economic assessment. Depending on this target, a deeper level of details may be required, and consequently, greater complexity. In this paper, the purpose was to perform a MD cost estimate analysis that allows broad comparisons between different MD configurations and desalination technologies. In order to make the analysis as realistic as possible, boundary conditions were validated through various experiments using a laboratory MD setup ( Figure 2 ) reported elsewhere [65] . Based on these boundary conditions and the suggested assumptions, simulations were performed using validated cost calculation methods, which are described in the following sections and supported extensively by literature.
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The different operating conditions and MD laboratory system design used in this work are shown in Table 2 . These conditions were used as a reference for the calculation of investment and operating costs. In this work, continuous feed and cooling flows are assumed for all scenarios, simulating industrial-type effluent or energy supply facilities. This boundary condition must be taken into account for cost estimates as it may affect some elements of an MD process, such as storage tanks. [65] .
Membrane type
Flat hydrophobic PTFE membranes with 0.45 µm pore size.
MD module
Flat MD module with an effective area of 0.025 m 2 .
MD plant capacity
Raw water maximum capacity treatment of 0.6 m 3 per hour.
MD configurations
WGMD and AGMD.
Permeate fluxes
13.08 L h −1 m −2 and 6.73 L h −1 m −2 for WGMD and AGMD, respectively.
Feed water characteristics
Seawater from Bay of Cadiz (Spain) without any pretreatment. Conductivity of 47,000 µS cm −1 and pH 8.10 Operating temperatures 70 • C for feed inlet temperature and 18 • C for cooling water cycle.
Depending on the source of heat used, four scenarios were proposed: use of free waste heat from an industry, burning of fossil fuels, electricity and use of alternative energies such as solar heat. For fossil fuels, fuel oil was selected for its widespread use by industry. In this way, the most economically favorable scenarios for different MD configurations can be assessed. Additionally, 10, 100 and 1000 m 3 daily permeate production capacities were proposed for each scenario and MD configuration. Thus, desalination costs for isolated, community and industrial uses are estimated. All costs are indicated in Euro (€) currency.
Cost Calculation Methods
For the objectives and purposes stated in this work, the simplified cost of water (SCOW) modified method proposed in [53, 66] was used to determine the final cost of the water produced (€ m −3 ) for each scenario, capacity and MD configuration aforementioned. As stated previously, there is great variability in MD cost estimations, which is caused, among other factors, by the methodology used. Therefore, the SCOW method was used, since this methodology or its modified versions has been applied in most of the existing economic assessments for desalination processes [5, 49, 53, 61, 64, [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] . Furthermore, this approach is also applied to calculate energy costs for several technological processes [84] [85] [86] [87] .
The SCOW method takes into account price variation over time (λ), which can be calculated using Equation (1), where (C I ) is the total investment costs and (C F ) and (C V ) are fixed operational costs and variable operational costs, respectively.
Total investment costs were annualized by using the amortization factor (α) that is defined by Equation (2), assuming an amortization time, also named plant lifetime (n) and a fixed interest rate or discount rate (i). In this work, a lifetime for recent plants of 30 years and a discount rate of 7% were chosen, as suggested in [5, 53, 81, 88, 89] .
The multiplier (λ) is defined by Equation (3) and parameter (K) is given by Equation (4), where (r) is a nominal escalation rate. In this work, r was fixed at 4%, as suggest A.N. Mabrouk et al. [81] .
The SCOW approach assumed that an MD desalination plant produces exactly the same amount of water annually (M P ) throughout its lifetime.
For a better understanding of the methodology used in this work, the following sections develop in detail the calculations for the determination of each element shown in Equation (1).
Preliminary Estimations
According to D. Winter [55] , any cost estimate is based on annual hours of operation (t a ) and the operational availability of the MD plant (Г), which is given by Equation (5) . As reported in the literature [53, 75] , a common operational availability of 0.83 was fixed, which means a daily operating time of 20 h.
Subsequently, the annual production rate of permeate (M P ) and the annual raw water demand (M R ) are defined according to Equations (6) and (7), respectively. The hourly permeate production (mp) and hourly raw water demand (mr) were calculated taking into account the predefined MD production capacities for each use and scenario. A water recovery factor (W RF ) of 50% was chosen for MD plants, according to Al-Obaidani [17] .
In order to estimate the costs of the components involved in the MD plant, a capacity method was used. This method is based on the assumption of a reduction of specific costs by increasing capacity. According to Equation (8), if reference costs (C ref ) are known for a reference capacity (K ref ), then the absolute costs (C) for any given capacity (K) would be estimated by a degression coefficient (m) [49, 55, 56] . This degression coefficient was set at 0.80 [55, 61] .
Total Investment Costs
The investment costs, also called capital costs (C I ) were calculated from Equation (9), where (C eng ) are the costs associated with engineering, construction and project management and (C eq ) is the equipment costs. (C eng ) was estimated at 20% of equipment costs by Equation (10) [53] . Meanwhile, (C eq ) is represented in Equation (11) as the sum of the MD module costs (C MD ), the heat exchanger costs (C HX ) and the costs of the rest of the MD plant (C rMD ) [55] .
C eng = 0.2 × C eq (10)
To determine the costs of the MD module (C MD ), the sum of the costs of the membranes (C memb ) and the costs of the module materials (C matMD ) must be taken into account. Thus, the effective membrane area required for each MD configuration and scenario is estimated, based on the experimental permeate flux data and the hourly permeate production. This membrane area is used in the capacity method as a capacity (K). In order to obtain the cost of the MD membranes, the reference cost provided by the company Aquastill for a reference capacity of 1 m 2 was applied. Similarly, the capacity method was applied for the costs of materials in the MD module. In this case, the effective membrane area was also used as capacity K, while MD module. The main materials of a standard MD module were considered, such as the main body plates, condenser plates, frames, gaskets and spacers.
With regard to the rest of the MD plant costs (C rMD ), the following items were considered: instrumentation and control, piping, electrical system and pumps. These pumps were selected from an updated vendor catalogue (2019) and based on the hourly raw water demand (mr). For all other components, the capacity method was applied, taking into account the maximum capacity of experimental MD plant (0.6 m 3 h −1 ), mr and the actual costs provided by the vendor company APRIA systems. In cases where feed and cooling flows are not continuous, storage tanks' associated costs should be estimated and taken into account.
For each treatment capacity simulation, the estimated cost of the heat exchangers (C HX ) was obtained from the published work by Schwantes et al. [49] . Under the scenarios in which solar energy was considered, C HX was replaced by the investment costs of solar heat (C solar ). In this way, the solar power required in the MD plant was calculated, starting from the annual production of permeate (M P ) and calculating the specific consumption of thermal energy (STEC). The capacity method was applied using data provided by the International Renewable Energy Agency (IRENA). In this work, an investment cost of 744 € per kW th (thermal kW) and flat plate collectors (FPC) were used as a reference for Spain [90] .
Operational Costs
As suggested in [53, 55, 66] , operational costs were broken down into fixed operational costs (C F ) and variable operational costs (C V ), in accordance with Equations (12) and (13), respectively.
Service and maintenance costs (C SM ) and insurance costs (C IN ) were estimated at 2.5% [7] and 0.5% [55] of investment costs (C I ). Similarly, the labor costs (C L ) and replacement costs for MD modules (C RMD ) were calculated as reported by Kesieme et al. [61] and Schwantes et al. [49] , respectively.
Chemical costs (C CH ) were estimated based on the annual raw water demand and a cost of 0.038 € per cubic meter as reported by B. Rahimi et al. [83] . In order to evaluate the costs related to electricity consumption (C EL ), the annual hours of operation (t a ), the specific pumps power and the price of electricity were taken into account. According to Eurostat, the unit price of electricity is defined as 0.1032 € per kWh [91] .
The cost of thermal energy (C thermal ), one of the most important in the MD process, is given by Equation (14).
where STEC (kWh m −3 ) and P kWhthermal are the specific thermal energy consumption of the MD process and the price of thermal energy (€ kWh −1 ), respectively. STEC was calculated as reported by Amaya-Vías et al. [47] using experimental fluxes for both MD configurations as well as a temperature difference according to Winter [55] . Also, the price of thermal energy change was calculated according to the proposed scenario, as is shown in Table 3 . Figure 3 shows the results obtained for the cost of water in both MD configurations, as well as for all proposed capacities and heat source scenarios. Overall, costs for WGMD oscillated between 1.56 and 7.53 € m −3 , while for AGMD, these ranged between 2.38 and 9.60 € m −3 . In addition, due to the scale factor, water costs were reduced with an increase in MD capacity, showing the minimum cost corresponding to a MD capacity of 1000 m 3 d −1 .
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On the basis of heat source scenarios, the most suitable were waste heat followed by solar heat. On the contrary, the use of electrical energy was the most unfavorable scenario in economic terms, followed by fuel oil burning. The results obtained for the waste heat scenario are also interesting and promising from an environmental point of view. In addition, regulatory policies on thermal pollution are becoming increasingly restrictive all over the world. In this sense, a waste heat of around 50-90 °C that is discharged into the environment by an industry can be exploited by a MD desalination process. As a result, both the economic cost of the technology and the environmental profile of the affected industry are improved. Furthermore, thermal pollution of a natural water body is thereby avoided. An example of industrial applications of this MD scenario include water treatment of the petrochemical and gas industry, power plants or desalination related to maritime navigation, as in the case of desalination on board cruise ships, see, for example, [65] . Equally important is the solar heat scenario. This sustainable alternative heat source is currently being developed for MD, as shown in several studies [28, [93] [94] [95] . This source of heat has great potential in countries where this resource is available [96] . In addition to the abundance of the solar resource, which determines energy availability and quality, the type of solar collector installed should also be taken into account. In this study, flat-plate collectors were chosen as the most widespread in low-temperature commercial solar heating systems. However, other types of collectors have been used in other economic assessments, such as parabolic or tubular collectors, which have different efficiencies, technological maturity and investment costs. This factor, among others, could have an impact on the estimated higher costs of around 13-17 €/m 3 for AGMD and DCMD, as shown in Table  1 .
WGMD was more profitable than AGMD in all cases. Indeed, for a capacity of 10 m 3 d −1 , using WGMD with fuel oil or electricity is slightly more cost-effective than using AGMD with waste heat or fuel oil, respectively. This result can be explained by the lower permeate flux for AGMD. Thus, a larger membrane area and module is required. In this way, the investment costs as well as the replacement and maintenance costs are higher for AGMD, with smaller MD capacities being further penalized in comparison with WGMD, as can be seen in Tables 4 and 5 On the basis of heat source scenarios, the most suitable were waste heat followed by solar heat. On the contrary, the use of electrical energy was the most unfavorable scenario in economic terms, followed by fuel oil burning. The results obtained for the waste heat scenario are also interesting and promising from an environmental point of view. In addition, regulatory policies on thermal pollution are becoming increasingly restrictive all over the world. In this sense, a waste heat of around 50-90 • C that is discharged into the environment by an industry can be exploited by a MD desalination process. As a result, both the economic cost of the technology and the environmental profile of the affected industry are improved. Furthermore, thermal pollution of a natural water body is thereby avoided. An example of industrial applications of this MD scenario include water treatment of the petrochemical and gas industry, power plants or desalination related to maritime navigation, as in the case of desalination on board cruise ships, see, for example, [65] .
Equally important is the solar heat scenario. This sustainable alternative heat source is currently being developed for MD, as shown in several studies [28, [93] [94] [95] . This source of heat has great potential in countries where this resource is available [96] . In addition to the abundance of the solar resource, which determines energy availability and quality, the type of solar collector installed should also be taken into account. In this study, flat-plate collectors were chosen as the most widespread in low-temperature commercial solar heating systems. However, other types of collectors have been used in other economic assessments, such as parabolic or tubular collectors, which have different efficiencies, technological maturity and investment costs. This factor, among others, could have an impact on the estimated higher costs of around 13-17 €/m 3 for AGMD and DCMD, as shown in Table 1 .
WGMD was more profitable than AGMD in all cases. Indeed, for a capacity of 10 m 3 d −1 , using WGMD with fuel oil or electricity is slightly more cost-effective than using AGMD with waste heat or fuel oil, respectively. This result can be explained by the lower permeate flux for AGMD. Thus, a larger membrane area and module is required. In this way, the investment costs as well as the replacement and maintenance costs are higher for AGMD, with smaller MD capacities being further penalized in comparison with WGMD, as can be seen in Tables 4 and 5 . From a general point of view, the factor of geographical location should not be forgotten [53] . The results obtained in this assessment are based on market prices in Europe, specifically Spain. Thus, electricity and fossil fuel prices may change drastically from one country to another, as is the case in the Middle East, where thermal desalination technologies such as MSF and MED are predominant. Thus, the use of MD with fossil fuels in these resource-rich countries could be more cost-beneficial than solar heating and even comparable waste heat values.
The breakdown of the costs of water is shown in Tables 4 and 5 for WGMD and AGMD, respectively. This breakdown is given in € m −3 and as a percentage of the SCOW, for a better understanding of the data presented in this paper. Likewise, the effect of the individual costs according to capacities and heat sources can be compared and analyzed. When comparing both MD configurations, major differences are found in investment costs and fixed costs. While the variable costs are identical for AGMD and WGMD, C I and C F are appreciably higher in the case of AGMD. This is mainly explained by the higher membrane and module area requirements for AGMD, and the subsequent increase in the cost of module maintenance and replacement, as previously discussed. By comparing the different capacities, it can be observed that by increasing the scale factor, the variable costs acquired a more relevant role. This is particularly noteworthy in terms of MD use strategies. That is, if the purpose is to design a MD plant for industrial applications, efforts should be focused on reducing variable costs, i.e., electricity, chemical and thermal energy consumption. Nonetheless, a more practical approach to reduce investment costs and fixed costs for isolated or community use of MD should be explored.
In this regard a reduction in variable costs may be simpler, by searching more cost-effective heating sources, more efficient pumps or optimizing the chemical dose. However, a reduction in investment costs for MD may be more challenging at the present time. The reason for this is that a high proportion of all costs (up to almost 50% in some cases) are related to the MD module. Currently, research into the improvement and development of new MD membranes that increase permeate flow, with less fouling and less heat loss through conduction is underway. Similarly, new and more efficient modules (membrane area/volume ratio) are being developed, as is the case of spiral wound modules, which are very common in other processes such as RO [34] . Therefore, the reduction of fixed and investment costs in MD are closely linked with the state of the technology and not with the operational or design aspects. In other words, the implementation of MD for industrial uses could be carried out in a shorter timeframe than for isolated or community uses, as suggested by the results obtained in this work. Table 5 . Influence of the different AGMD costs on the SCOW. Costs are expressed in € m −3 and % for each capacity and scenario considered. As mentioned above, the final cost of the water produced is strongly dependent on the capacity or scale factor for a given scenario. Therefore, to compare the costs of MD and conventional desalination technologies, this scale factor must be taken into account. For example, if MD is compared with a real industrial desalination plant (for example, large RO, MED or MSF plants with capacities above 100,000 m 3 daily), MD will never be feasible. Another factor to consider for cost and feasibility analyses in MD is the absence of real large-scale examples of this technology [9, 34, 55] . For this reason, techno-economic assessment methods are mainly based on literature data and models from MD laboratory-scale studies [17, 49] , with accuracies ranging from 30 to 50 % depending on the level of detail obtained [64] . So, these results should be taken into account as an approach.
Nonetheless, in this study the results obtained were compared with other techno-economic assessments of MD (Table 1 ) and other conventional technologies, taking into account the aforementioned scale factor (Table 6 ). Thus, results of 1.17 and 1.23 € m −3 were reported by Al-Obaidani et al. for DCMD and seawater treatment [17] . Similarly, costs for AGMD and vacuum AGMD of 9-9.8 € m −3 and 4.4-4.8 € m −3 were reported by Schwantes et al. for hypersaline water treatment and capacities of 10 and 1000 m 3 daily, respectively [49] . Thus, the MD costs obtained in this work are in line with previous studies, and considering the lower costs for DCMD as a result of a theoretically higher permeate flux compared to WGMD and AGMD. On the other hand, as it can be seen in Table 6 , the results obtained for MD are in the cost range of other conventional desalination technologies for the scale factors studied. 
Sensitivity Analysis for Heat Source Scenarios
In Figure 4 , a sensitivity analysis for the most favorable configuration (WGMD) and capacity (1000 m 3 d −1 ) is shown. This analysis explores the effect of the heat sources selected, and therefore, the cost of thermal energy on the SCOW. Thus, when a heat source is assumed to be free as is waste heat use, the highest costs belong to the MD module followed by maintenance and replacement costs. In this scenario, improvement and development of the MD technology is mandatory in order to reduce SCOW. However, these cost saving actions could be difficult to carry out in the short term, as discussed when comparing different capacities. On the contrary, considering future forecasts regarding optimization in MD manufacturing, large-scale testing and improvement of design and materials, cost-efficiency improvements and gains are expected [49] . In comparison, when other heat sources are used, the costs of thermal energy are clearly predominant over the other costs. For example, the use of Thus, when a heat source is assumed to be free as is waste heat use, the highest costs belong to the MD module followed by maintenance and replacement costs. In this scenario, improvement and development of the MD technology is mandatory in order to reduce SCOW. However, these cost saving actions could be difficult to carry out in the short term, as discussed when comparing different capacities. On the contrary, considering future forecasts regarding optimization in MD manufacturing, large-scale testing and improvement of design and materials, cost-efficiency improvements and gains are expected [49] . In comparison, when other heat sources are used, the costs of thermal energy are clearly predominant over the other costs. For example, the use of electricity was responsible for up to 71.2% of total costs in this study. In the case of burning fuel oil and solar heat, the costs of thermal energy represented 55.3% and 44.3% of the costs, respectively. As a result, it is suggested that for defined conditions, the key factor in MD is the heat source used. The current search for alternative and more cost-effective heat sources gives MD an advantage over other technologies. In addition, the investigation of synergies of MD with other desalination processes and the development of new MD configurations and heat recovery systems based on the multi-stage concept should be viewed positively [34] . Furthermore, for solar energy, forecasts point towards a reduction in investment and operational thermal energy costs of up to 43% in the upcoming years [90] . This further reinforces the attractiveness and potential of this alternative heat source as well as the application of MD in locations where solar resources are available.
Conclusions
A techno-economic assessment of MD desalination was performed in this work. The SCOW method was applied to evaluate the total costs of water for WGMD and AGMD, with capacities of 10, 100 and 1000 m 3 per day and under different heat sources, including waste heat, fuel oil burning, electricity and solar heat.
Lower water costs were obtained for WGMD (1.56-7.53 € m −3 ) compared to AGMD (2.38-9.60 € m −3 ) in all scenarios. The cost of water is reduced by a larger scale factor for MD, or in other words, it has greater production capacity. For isolated uses, fixed and investment costs were more important, while variable costs became more important for industrial uses. Thus, the most relevant individual costs in MD were those related to the cost of thermal energy, module manufacturing, and maintenance and replacement costs.
The results suggest that the most feasible heat sources for MD are waste heat and solar heat. Forecasts also point to a reduction in MD manufacturing costs and solar heat investment costs. On the other hand, the water costs of conventional desalination technologies (SWRO, MSF and MED) were compared at the same scale with the costs of MD. It was observed that the costs obtained in MD are in the same range as conventional technologies. Thus, the implementation of MD by industry should be considered in the near future.
In summary, the results derived from this research suggest that MD is a potentially feasible alternative for desalination. Specifically, in theory, the WGMD configuration using waste or solar heat shows strong potential to be implemented on a large scale by industry in the near future.
